Introduction
T etracyclines are broad-spectrum agents, exhibiting activity against a wide range of Gram-positive and Gram-negative bacteria. These antibiotics are currently used for therapy and prophylactics for human infections, for the prevention and control of bacterial infections in veterinary medicine, and as animal growth promoters. 3, 19 In agriculture, tetracyclines are sprayed onto fruit trees and other plants to treat and control infection by bacterial plant pathogens. 3, 13 Chlortetracycline and oxytetracycline are the antibiotics most used in agriculture generating resistant not only to phytobacteria but also to bacterial pathogens. 3 The resistant bacteria from agricultural environments may be transmitted to humans. 13 The widespread use of tetracyclines and the emergence and spread of tetracycline-resistant bacterial pathogens, among them the foodborne pathogen Salmonella enterica, has become a serious health hazard worldwide. 9, 16 Salmonella spp. is responsible for most gastrointestinal infections in humans, and the majority of cases are associated with consumption of contaminated poultry, meat, eggs, and fresh produce. 4, 9 The increase of Salmonella strains showing resistance against antibiotics has resulted in limiting effective treatments of human infections. 4, 5 The tet gene of class A is one of the most widespread among Gram-negative bacteria and has been found on plasmids as well as on the chromosome. 17, 24 As previously shown in Salmonella strains from various sources, the tet(A) gene is often part of a small nonconjugative transposon called Tn1721 and in a truncated variant of this transposon. 1, 6, 7, 17 The presence of these genetic elements has been reported in the incidence of resistance to tetracyclines in Salmonella spp. of human and animal origins worldwide 8, 13, 22 ; however, additional information on the mechanisms responsible for this antibiotic resistance is still needed.
Ló pez-Cuevas et al. recovered and identified different Salmonella serotypes from irrigation water of the Culiacan Valley, an important agricultural region of Mexico for horticultural crops exported to the United States. 11, 15 These serotypes showed antimicrobial resistance to several antibiotics, including tetracyclines. 15 The present study identified the gene tet(A) in the transposon Tn1721 on the genomic DNA in strains of S. enterica serovar Typhimurium, isolated in Mexico's Culiacan Valley during the year 2005.
Materials and Methods

Bacterial strains and culture conditions
Twenty strains were recovered from January to May 2005 from irrigation water canals located in different regions in the Culiacan Valley, Sinaloa, Mexico, as a part of a study reported (Table 1) . 15 The isolation, identification, and antimicrobial susceptibility testing of Salmonella strains were performed following culturing methods, polymerase chain reaction (PCR), and Kirby-Bauer disk diffusion method, respectively, as described previously. 3, 15 All Salmonella strains were serotyped at the Instituto de Diagnostico y Referencia Epidemiologicos (InDRE) in Mexico. 15 The growth curve of tetracycline-resistant Salmonella Typhimurium strains was determined in trypticase soy broth (TSB). The growth characteristics of three representative strains (ST3, ST24, and ST33) were assessed at 378C with shaking (120 rpm). One milliliter from an overnight culture of each strain was used to inoculate 100 ml of fresh TSB broth. The bacterial strains were cultured in TSB containing either 10 or 30 mg of tetracycline for 5-10 hr or in TSB without tetracycline, as a negative control. Bacterial growth was assessed at various times by measuring the optical densities at 600 nm with an Eppendorf Ò BioPhotometer spectrophotometer.
Pulse-field gel electrophoresis genotyping
Pulse-field gel electrophoresis (PFGE) was performed according to the CDC PulseNet protocol. 18, 20 Genomic DNA was digested separately with XbaI and BlnI (AvrII) restriction enzymes The fragments were separated by using the CHEF Mapper XA Pulse-Field Electrophoresis System (BioRad) with the following conditions and reagents: 1% SeaKem Gold agarose in 0.5ÂTris-borate ethylenediaminetetraacetic acid buffer, voltage at 6 v/cm, and run time at 18 hr with switch times ranging from 2.2 to 63.8 sec. The PulseNet 
a Regions correspond to locations in the Culiacan Valley, Sinaloa State, Mexico. universal standard marker strain S. enterica Braenderup H9812 was used as a molecular reference marker. The gels were stained with ethidium bromide and were observed under UV trans-illumination. Dendograms for comparing the strains were generated with BioNumerics software v5.10 (Applied Maths) using the Dice coefficient and the unweighted pair-group method with arithmetic mean.
PCR and DNA sequencing analysis PCR reagents were supplied by New England Biolabs and Promega Corporation, and oligonucleotides were purchased from Eurofins MWG Operon. PCR amplification of tet(A) and transposons conferring tetracycline resistance was conducted by using primers listed in Table 2 . Genomic DNA of these bacterial strains were isolated by using Wizard genomic DNA purification kit (Promega) and quantified by using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific). A Salmonella Typhimurium strain was included as a positive control in all the PCRs. The PCR mixtures were placed in a Dyad Peltier Thermal Cycler (Bio-Rad) with the following settings: 948C for 5 min, followed by 30 cycles of 948C for 30 sec, an annealing step at various temperatures for 1 min (Table 2) , and 728C for 1 min and a final step consisting of 728C for 7 min. All PCR products were purified with QIAquick PCR purification kit (Qiagen). Cycle sequencing reactions were performed on a Dyad Peltier Thermal Cycler (Bio-Rad) using the ABI PRISM BigDye terminator cycle sequencing kit (version 3.1; Applied Biosystems), and the extension products were purified by using BigDye XTerminator Purification Kit (Appied Biosystems), following the manufacturer's specifications. DNA sequencing was performed on an ABI PRISM 3130X Genetic Analyzer by using POP-7Ô polymer and ABI PRISM Data Collection software v3.0. DNA chromatograms were observed and edited using Lasergene SeqMan Pro software (version 8.0; DNAstar, Inc.). The nucleotide sequence of the tet(A) gene in the Salmonella strains was compared to tet(A) sequences in the databases by the BLASTN algorithm (www.ncbi.nlm.nih.gov/blast). For the tet(A) phylogenetic analysis, a ClustalW sequence alignment was performed with Lasergene MegAlign software (version 8.0; DNAstar, Inc.), and the dendrogram was constructed by using Molecular Evolutionary Genetic Analysis software version 4.0 (MEGA4) 21 with the unweighted pairgroup method with arithmetic mean method and the Kimura two-parameter estimation method. Bootstrap values were generated from 1000 replicates.
Results
Salmonella strains exhibit resistance toward tetracycline
The S. enterica serovar Typhimurium strains from this study were recovered from irrigation canals located in four different regions (Culiacan, Villa Juarez, Navolato, and Eldorado) in the Culiacan Valley (Table 1) , 15 an important agricultural region in Mexico for export produce. 11 To characterize the microbial resistance to antibiotics in agricultural sites, Salmonella strains were grown in the presence of two concentrations of tetracycline, 10 and 30 mg/ml (Fig. 1) . As a control in the experiment, the tetracycline-sensitive Salmonella strain (ST3) was exposed to the two concentrations of tetracycline; growth of strain ST3 was not observed in the presence of the antibiotics (Fig. 1C) . The results demonstrated that two representative Salmonella Typhimurium strains, ST33 and ST24, showed resistance to tetracycline and were able to grow to high cell concentrations after 180 min (Fig. 1) . Growth in the presence of both concentrations of
FIG. 1. Growth curves of three Salmonella Typhimurium strains, ST24 (A), ST33 (B)
, and ST3 (C), cultured in trypticase soy broth in the absence (~) and in the presence of tetracycline at a final concentration of 10 mg/ml ( ) and 30 mg/ml (&).
tetracycline was similar to the growth observed when strains ST33 and ST24 were cultured in a medium without tetracycline (Fig. 1) .
PFGE analysis of Salmonella strains recovered from irrigation water
To examine the genetic relatedness of Salmonella strains recovered from distinct regions in the Culiacan Valley in Mexico, their genotypes were examined by PFGE analysis (Fig. 2) . The results obtained after XbaI enzyme digestion enabled the discrimination of tetracycline-resistant Salmonella Typhimurium strains. The XbaI patterns for strains ST24 and ST27 were grouped in a separate cluster with a 95% similarity compared with the patterns of three highly related Salmonella Typhimurium strains (ST26, ST28, and ST29) and with a 90% similarity compared with another cluster of five tetracycline-resistant Salmonella Typhimurium strains (ST31, ST32, ST33, ST34, and ST35) ( Fig. 2A) . Distinct XbaI PFGE pattern was observed for the tetracycline-sensitive Salmonella Typhimurium strain ST3, the tetracycline-resistant strain ST30, and the S. Agona strain SA2, showing <80% similarity with most tetracycline-resistant Salmonella Typhimurium strains ( Fig. 2A) . Given that more than one isolate had indistinguishable XbaI patterns ( Fig. 2A ), the PFGE analysis was then conducted using the restriction enzyme BnlI (Fig.  2B) , as recommended by the PulseNet PFGE protocol. 18 The results demonstrated that 10 tetracycline-resistant Salmonella Typhimurium strains had BnlI patterns that were indistinguishable and were grouped in one cluster with a 60% similarity to strain SA2 (Fig. 2B) . In agreement with the results obtained after XbaI digestion (Fig. 2A) , distinct patterns were also observed for the Salmonella Typhimurium strains ST30 and ST3 after digestion with the BlnI restriction enzyme (Fig. 2B) .
Identification of genes conferring tetracycline resistance
The results from this PCR analysis showed that all tetracycline-resistant strains were positive for the tet(A) gene, indicating that this gene is present among the Salmonella Typhimurium strains recovered from agricultural irrigation water in the Culiacan Valley in Sinaloa, Mexico, and the
FIG. 2.
Pulse-field gel electrophoresis analysis after using the restriction enzymes XbaI (A) and BlnI (B). The relatedness of 13 representative PFGE patterns, consisting of 1 Salmonella Agona (SA) and 12 Salmonella Typhimurium (ST) strains, was determined by constructing dendograms with BioNumerics software by using the Dice coefficient and the unweighted pairgroup method with arithmetic mean.
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tet(A) gene was found on the genomic DNA (Table 1) . Further analysis by PCR and DNA sequencing demonstrated that the tet(A) gene in these Salmonella Typhimurium strains was found to be located within the Tn1721 transposon ( Table 1) . As shown in Fig. 3 , a phylogenetic analysis was conducted with the full-length tet(A) DNA sequence in the Salmonella Typhimurium strains and the tet(A) sequence data available in the nucleotide databases. The results demonstrated that the sequences of tet(A) gene in the Salmonella Typhimurium strains from the Culiacan Valley were 99% of identity to each other as well as to the reported sequence in the broad-host plasmid RD1, a plasmid commonly harbored in gram-negative bacteria.
14 Discussion S. enterica serovar Typhimurium is one of the most important foodborne pathogens worldwide. 12 The emergence of resistant strains to multiple antibiotics has resulted in serious health problems when Salmonella Typhimurium infections are treated. Resistance is thought to have arisen and to be sustained by the intensive use of antibiotics, not only for therapeutic needs in clinical and veterinary medicine, but also for growth promotion in farm animals and for controlling bacterial infections in agriculture. 17 To characterize microbial resistance to antibiotics used in agriculture, the present study characterized the resistance to tetracycline in Salmonella strains, recovered from irrigation water in distinct regions in the Culiacan Valley, Sinaloa, Mexico. 15 Analysis of the genomic diversity by PFGE typing showed that the Salmonella Typhimurium strains were grouped in four distinct genotypic clusters, indicating genomic diversity among the strains examined. This genotyping study demonstrated also that many of the tetracycline-resistant Salmonella Typhimurium strains were 95% related. On the basis of these observations, the tetracycline-resistant Salmonella Typhimurium strains from different geographical locations in the Culiacan Valley appear to have a genotype that may be prominent in this Mexican region. This genotyping information will aid epidemiological data for a better assessment of the risks associated with the presence of Salmonella in areas used for growing produce for export.
The PCR and DNA sequencing analysis demonstrated that all tetracycline-resistant Salmonella Typhimurium strains, isolated from agricultural irrigation water in the Culiacan Valley, possessed the tet(A) resistance gene. Further analysis demonstrated the presence of the tet(A) gene on genomic DNA and was located within a truncated version of transposon Tn1721. This variant of transposon Tn1721 was previously described in strains of different Salmonella serotypes recovered from animals in Germany and Italy. 7, 17 In the present study, the comparative analysis of the tet(A) gene sequence in Salmonella Typhimurium strains identified high sequence similarity to the tet determinant of plasmid RP1, which is homologous to the tet gene in Tn1721 and belongs to tetracycline class A. 23 Plasmid RP1 is of particular interest because it confers multiple antibiotic resistances and possesses a broad-host range, including Pseudomonas aeruginosa and E. coli.
14 Distinct codon usages between the tet(A) sequences of Tn1721 and the tet(A) sequences of RP1 have allowed for the evolution of Tn1721, 1, 7 and this nonconjugative Tn1721 transposon, when integrated into a conjugative plasmid such as RP1, facilitates the widespread distribution of the transposon-borne resistance genes. 1, 7 These events may contribute to the occurrence of tet(A) genes in a wide variety of gram-negative bacteria and suggest that conjugal plasmids play a significant role in the dissemination of antimicrobial-resistant bacterial. 19 These findings showed the presence of tet(A) among tetracycline-resistant Salmonella Typhimurium strains, isolated from irrigation water used for growing fresh fruits and vegetables. The presence of these antibiotic-resistant Salmonella strains indicates that efforts focusing on the implementation of hazard analysis are thus needed to reduce the incidence of these pathogens in agricultural products.
A better understanding of the molecular mechanisms by which tetracycline resistance emerges and spreads should enable us to design strategies to reduce this progression. The appropriate use of tetracycline in treating bacterial infections in human and animals, in promoting animal growth, and in controlling phytopathogenic bacteria is critical for the control of the rapid spread of tetracycline-resistant bacteria. 
